Purpose: Careful decontamination and sterilization of reusable flexible ureteroscopes used in ureterorenoscopy cases prevent the spread of infectious pathogens to patients and technicians. However, inefficient reprocessing and unavailability of ureteroscopes sent out for repair can contribute to expensive operating room (OR) delays. Timedriven activity-based costing (TDABC) was applied to describe the time and costs involved in reprocessing. Materials and Methods: Direct observation and timing were performed for all steps in reprocessing of reusable flexible ureteroscopes following operative procedures. Estimated times needed for each step by which damaged ureteroscopes identified during reprocessing are sent for repair were characterized through interviews with purchasing analyst staff. Process maps were created for reprocessing and repair detailing individual step times and their variances. Cost data for labor and disposables used were applied to calculate per minute and average step costs. Results: Ten ureteroscopes were followed through reprocessing. Process mapping for ureteroscope reprocessing averaged 229.0 -74.4 minutes, whereas sending a ureteroscope for repair required an estimated 143 minutes per repair. Most steps demonstrated low variance between timed observations. Ureteroscope drying was the longest and highest variance step at 126.5 -55.7 minutes and was highly dependent on manual air flushing through the ureteroscope working channel and ureteroscope positioning in the drying cabinet. Total costs for reprocessing totaled $96.13 per episode, including the cost of labor and disposable items. Conclusions: Utilizing TDABC delineates the full spectrum of costs associated with ureteroscope reprocessing and identifies areas for process improvement to drive value-based care. At our institution, ureteroscope drying was one clearly identified target area. Implementing training in ureteroscope drying technique could save up to 2 hours per reprocessing event, potentially preventing expensive OR delays.
Introduction
U reterorenoscopy with reusable fiber-optic or digital flexible ureteroscopes requires an infrastructure and dedicated technical staff to properly and promptly reprocess ureteroscopes in between cases. Reprocessing of reusable flexible ureteroscopes and other endoscopes encompasses the procedures necessary to prepare them for subsequent cases while preventing the spread of infectious agents from patient to patient or patient to technician. 1, 2 Optimal reprocessing balances proper decontamination and avoiding damage to fragile components against minimizing personnel time invested, reducing use of disposable supplies, avoiding further damage to ureteroscopes needing repair, and ensuring that ureteroscopes are ready for subsequent cases without causing case delays. This balance must be struck across multiple locations with handoffs between relevant personnel at each transition point. Given the growing emphasis on value in healthcare delivery, the length and complexity of this process present an opportunity to save time and healthcare resources.
Time-driven activity-based costing (TDABC) is a method pioneered by Kaplan and Anderson 3 that combines two widely utilized management tools-process mapping and activitybased costing-to increase the efficiency of resource utilization in complex management operations. When applied in the healthcare setting, clinician-managers define higher order phases of care for individuals undergoing treatment for a given condition. Each phase of care is then broken down into process maps defining individual steps each involving one or more clinical resources (personnel and/or equipment). 4 Activitybased costing is applied to calculate dollar-per-minute values for resources invested in requisite personnel, equipment, and space. The result is an output that can be used to identify resource-intensive steps for targeted intervention, redundant steps that can be streamlined or eliminated, and idle capacity of staff and equipment that can accommodate a higher volume of use. TDABC has been widely applied across diverse sectors of healthcare delivery. [5] [6] [7] [8] Within the urological field, studies have used TDABC to define the value of care delivery in localized, low-risk prostate cancer therapy, 9 brachytherapy for prostate cancer, 10,11 treatment of small renal masses, 12 and management of benign prostatic hyperplasia. 13 Through applying TDABC to reprocessing of reusable flexible ureteroscopes, this work aimed to characterize the full spectrum of resources utilized in typical reprocessing scenarios and to identify high-variance steps in reprocessing. These calculations will enable us to propose cost reductive methods and strategies for improving ureteroscope reprocessing without sacrificing quality.
Materials and Methods

Process mapping
As part of a prospective time-motion study conducted at University of California, San Francisco, between July 2016 and April 2017, we followed reusable flexible ureteroscopes (URF-P6; Olympus, Tokyo, Japan) after the conclusion of upper urinary tract ureteroscopy operative procedures. We observed and timed the individual steps in reprocessing from the time each ureteroscope left the operating room (OR) to the conclusion of the sterilization process and transfer of the ureteroscope to storage. Steps requiring technician labor as opposed to passive and automated steps were noted. The average time and variance for each step were calculated across all observations of that step. These data were combined to create the overall process map for ureteroscope reprocessing. At multiple checkpoints in reprocessing, ureteroscopes are tested or inspected and those requiring repair are removed to prevent further damage during reprocessing. Ureteroscopes marked for repair are picked up by purchasing department staff and shipped back to the manufacturer. A second process map with time requirements for the steps required to remove damaged ureteroscopes and send them for repair was created based on interviews with purchasing department personnel.
Personnel and disposable items cost calculation
Sterile processing department (SPD), endoscopy department, shipping department, and purchasing department personnel costs were estimated based on the salaries of these positions plus benefits. Benefits for these staff members include bonuses, social security, 401K/403B, disability, healthcare, pension, and paid time off. Staff hours were estimated at 260 paid workdays per year for 8 hours per day. We directly observed and recorded each disposable item used in reprocessing. We applied the average cost of the individual disposables used in one reprocessing episode to demonstrate the overall cost for disposables.
Results
Reprocessing process map
The reusable ureteroscope reprocessing process map was defined based on direct observation of 10 flexible ureteroscopes and is detailed in Figure 1 . The ureteroscope storage case is decontaminated separately from the ureteroscope itself, but the ureteroscope and case are eventually wrapped and sterilized together. In all observations, the storage case was ready for sterilization well before the ureteroscope and thus did not change the total start to finish time of reprocessing. Total time for reprocessing averaged 229.0 -74.4 minutes from start to finish, of which only 47.7 minutes was dependent on labor by SPD/endoscopy personnel. Labor-dependent steps and machine-automated steps (wash cycle, STERRAD Ò ) demonstrated low variance. Ureteroscope drying, a passive step, was the longest step and had the highest variance at 126.5 -55.7 minutes. Observations of ureteroscope drying times ranged from 68.8 to 208.0 minutes. This step is indicated by an asterisk in Figure 1 . Ureteroscope drying time was primarily dependent on whether the SPD technician manually flushed the ureteroscope working channel with air and positioned the tip of the ureteroscope in the drying cabinet to allow air to circulate through the ureteroscope.
Repair process map
The process map for identifying and sending a ureteroscope for repair was based on interviews with purchasing analyst staff and is detailed in Figure 2 . The full process occurs across four physical departments and was estimated to require 143 minutes, all of which involved labor by SPD/endoscopy, purchasing, and shipping personnel.
Personnel costs
SPD, endoscopy, and shipping department personnel cost rates were $0.77/minute for salary plus benefits. The purchasing department analyst cost rate was $1.03/minute. Each ureteroscope reprocessing event required an average of $36.88 of labor by SPD/endoscopy personnel. The average labor cost per step is displayed below each average step time in Figures 1 and 2 . Each repair event required an estimated $139.39 of labor by SPD/ endoscopy, purchasing, and shipping personnel to remove the ureteroscope from circulation and arrange for its repair. This averaged out to $13.93 in repair labor per ureteroscopy case.
Disposable item costs
Disposables item costs averaged $45.35 per ureteroscope reprocessed. These included personal protective equipment worn by endoscopy decontamination and SPD personnel, brushes, and solutions used in high-level decontamination of ureteroscopes, chemical cassettes, pouches, and gas indicators used in STERRAD sterilization. The single largest contributor to this total was the low-temperature hydrogen peroxide STER-RAD cassette at $20.09 per ureteroscope reprocessing event.
Total costs
The total mean cost of one reprocessing event, including SPD personnel labor, endoscopy decontamination personnel labor plus the costs of disposables used, was $82.23. Labor by purchasing and shipping department personnel preparing ureteroscopes for return to their manufacturer pushed our perevent cost to $96.13.
Discussion
In the current era of cost-conscious healthcare, analyses to reduce expenditures and strains on human resources without compromising crucial procedures are increasingly important. Endoscope reprocessing is receiving greater attention. Recent outbreaks of multidrug-resistant infections associated with duodenoscopes have been associated with patient deaths and investigations by the U.S. Food and Drug Administration 14 and Centers for Disease Control and Prevention. 15 Ureteroscopes have been demonstrated to retain contaminants and viable bacteria despite sterilization. 16 Urinary tract infection (UTI) outbreaks associated with contaminated ureteroscopes have been reported in the past 17 and may plausibly be lost in the noise of other causes of UTI after ureteroscopy. [18] [19] [20] Conversely, OR delays waiting for instruments to be properly sterilized are a contributor to wasted healthcare dollars and poorer patient outcomes. 21, 22 In the context of tensions between reprocessing speed and thoroughness, we have applied TDABC to demonstrate areas for improvement in ureteroscope reprocessing for what is, to our knowledge, the first time in the literature.
At our institution, we found that ureteroscope reprocessing requires 229.0 -74.4 minutes. Prior work by our group found that on average a ureteroscopy operation with a flexible reusable ureteroscope took 64.5 -37.0 minutes, 23 with patient preparation, room cleaning, and anesthesia preparation requiring an additional 67 minutes on average (data not shown).
At this pace, a reusable ureteroscope used in the first case of the day would not be ready until the fourth case, necessitating access to a minimum of four ureteroscopes in good condition to allow for multiple back-to-back ureteroscopy cases without delays. Decreasing these times could result in fewer ureteroscopes needing to be purchased to accomplish the same number of cases in a day.
Despite the complexity of reprocessing, we noted that steps in the process generally run expediently with low variability between observations. We did not observe any untoward events inflicted on ureteroscopes by personnel attempting to shortcut the process steps involved. Nearly half of disposable expenses were accounted for by the cost of one STERRAD sterilization cassette. Thus, the potential cost savings of speeding up most steps in the pathway or using fewer disposables are unlikely to make a major financial impact. The   FIG. 2 . Reusable ureteroscope repair process map after identification and removal of a damaged ureteroscope during reprocessing. Boxes depict individual steps with patterns corresponding to personnel involved. Estimated step times and estimated labor costs per step are noted. The sequence of steps is indicated by lines connecting boxes. Total estimated time for the process was 143 minutes. Labor costs for repair were estimated at $139 per repair and $13.90 per ureteroscopy case. notable exception to this was ureteroscope drying. This step alone accounted for 55% of the time ureteroscopes spent in reprocessing and its length was highly variable. As described in the results, proper drying protocol includes the SPD technician manually flushing the ureteroscope working channel with air followed by positioning the ureteroscope in the drying cabinet for maximum air circulation (Fig. 3) . When these steps were not conducted, the ureteroscope remained wet and reprocessing was delayed (the STERRAD low-temperature gas-plasma sterilizer will not run if it detects moisture 24 ). Although we did not observe any OR delays attributable to sterile ureteroscope accessibility during our study period, a small investment in training or a redesign of the drying cabinet would be clear interventions that could reduce reprocessing time and avoid this potential source of wasted resources.
Fiber-optic and digital flexible ureteroscopes have fragile components that are easily broken. Studies in the literature have characterized sources of damage to ureteroscopes [25] [26] [27] [28] [29] [30] with one describing mishandling during reprocessing as the single largest source of breakages. 26 At our institution, repairs occur once for every 10 cases and have an associated average cost of $9,420 per repair charged by the repair vendor. In this study, we found that repair requires an additional $139 of labor per repair. This rate of repair and our per-case repair value of $956 including labor are consistent with published results from two other large academic medical centers that sent their fiber-optic ureteroscopes for repair once every 9.5 cases at a cost of $605/case 28 and once every 6 to 15 cases. 30 These values from academic centers are twice the rate of repairs recently reported by a private practice, single-specialty urology group. 25 These data support the idea that cost containment can be achieved with process control. Large institutions whose SPDs prepare a diverse array of instruments could potentially reduce costs with different strategies compared with smaller, more specialized centers.
We present here a characterization of the steps and resources involved in reprocessing reusable flexible ureteroscopes at a single institution taking into account multiple sources of costs across all areas of expenditure. Although the cost of performing TDABC is primarily dependent on the cost of personnel resources used to track process steps, the majority of observations and data analyses in our project were performed by medical students and urology residents, demonstrating that this form of analysis can be performed relatively inexpensively.
The high level of detail provided by TDABC facilitates novel insights into ureteroscope reprocessing; however, several limitations in our methods should be recognized. Our initial data collection included estimates for department operating costs and the costs (purchasing and maintenance) of capital equipment used in reprocessing. However, given the high volume of instruments processed across multiple services and the relatively long life span of the space and equipment used, these sources contributed only cents to each ureteroscope reprocessing episode and we excluded them from the analysis for simplicity. In addition, the generalizability of our results would benefit from the inclusion of data from more centers using different reprocessing protocols and additional ureteroscopes. We were reliant on interview-based estimates for repair time and workflow. Although this is the practice originally outlined by Kaplan and Anderson 3 and adopted in many TDABC studies, 5 direct observation would have strengthened our estimates. Finally, this approach to characterization of one aspect of the care pathway of treatment for upper urinary tract pathology would benefit from further studies outlining the full care pathway and allowing for more extensive analysis of the influences of resource expenditure in reprocessing on other settings of care delivery, such as the clinic, OR, and perioperative areas.
Conclusions
In this work, we applied TDABC to the reprocessing of reusable flexible ureteroscopes for what we believe is the first time in the literature. Detailed process maps for decontamination/sterile processing and sending ureteroscopes for repair highlighted areas where standardization could increase value in care delivery when using reusable ureteroscopes. Although the costs of repair remain the single largest target for cost reduction, this work newly underscores the full spectrum of costs associated with the use of reusable ureteroscopes and identifies areas for intervention. At our institution, targeting ureteroscope drying technique may reduce the length of reprocessing by up to 2 hours and reduce OR costs. Further research should expand this analysis to the full care pathway for upper urinary tract pathology.
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